• Background and Aims Form and function relationships in plant reproductive structures have long fascinated biologists. Although the intricate associations between specific pollinators and reproductive morphology have been widely explored among animal-pollinated plants, the evolutionary processes underlying the diverse morphologies of wind-pollinated plants remain less well understood. Here we study how this diversity may have arisen by focusing on two conifer species in the pine family that have divergent reproductive cone morphologies at pollination.
• Background and Aims Form and function relationships in plant reproductive structures have long fascinated biologists. Although the intricate associations between specific pollinators and reproductive morphology have been widely explored among animal-pollinated plants, the evolutionary processes underlying the diverse morphologies of wind-pollinated plants remain less well understood. Here we study how this diversity may have arisen by focusing on two conifer species in the pine family that have divergent reproductive cone morphologies at pollination.
• Methods Standard histology methods, artificial wind pollination assays and phylogenetic analyses were used in this study.
• Key Results A detailed study of cone ontogeny in these species reveals that variation in the rate at which their cone scales mature means that pollination occurs at different stages in their development, and thus in association with different specific morphologies. Pollination experiments nevertheless indicate that both species effectively capture pollen.
• Conclusions In wind-pollinated plants, morphological diversity may result from simple variation in development among lineages rather than selective pressures for any major differences in function or performance. This work also illustrates the broader importance of developmental context in understanding plant form and function relationships; because plant reproductive structures perform many different functions over their lifetime, subtle differences in development may dramatically alter the specific morphologies that they use to meet these demands.
INTRODUCTION
Relationships among form, function and morphological evolution in plant reproductive structures have long fascinated biologists (de Candolle, 1813; Darwin, 1877; Thompson, 1942) , particularly with regard to pollination. A large and diverse body of research has therefore developed that attempts to understand the mechanics of how plant reproductive structures work by investigating the intricate interactions between specialized floral organs and specific animal pollinators (Barrett, 2013; O'Meara et al., 2016; Chartier et al., 2017) , as well as the evolutionary consequences of such relationships through comparative studies of diversification and trait correlation. For example, co-evolution between flowers and specialized animal pollinators is often thought to have played an important role in the diversification of many angiosperm lineages, and may perhaps underlie the unparalleled diversity of angiosperms more broadly (van der Niet and Johnson, 2012; Barrett and Harder, 2017; Pauw et al., 2017; Richman et al., 2017; Solís-Montero and Vallejo-Marín, 2017) .
Insect-pollinated plants often receive the most attention in these studies, but complex form and function relationships also exist in the reproductive structures of wind-pollinated, or anemophilous, plants (Whitehead, 1969; Charlesworth, 1993; Ackerman, 2000; Richards, 2002; Weller et al., 2006; Friedman and Barrett, 2011) . The ovulate structures of anemophilous plants all face similar selective pressures to maximize the capture of windborne pollen, but they exhibit a diverse range of specific morphologies, including some that have served as model systems for integrating biomechanics with pollination biology (Niklas and Paw U, 1982; Niklas, 1982 Niklas, , 1984 Tomlinson and Takaso, 2002; Cresswell, 2007) . Understanding reproductive evolution in anemophilous plants is also important in a broad biological sense because the syndrome is pervasive; wind-pollination has evolved at least 65 times in angiosperms (Linder, 1998; Culley et al., 2002; Friedman and Barrett, 2008a, b) and includes ecologically important groups such as grasses and many temperate woody trees (Wragg and Johnson, 2011; Bogdziewicz et al., 2017) . Roughly two-thirds of extant gymnosperm species are also strictly wind-pollinated Nepi et al., 2017) , indicating the potential importance of this syndrome in plant history prior to the evolution of angiosperms in the Early Cretaceous. Wind-pollinated species therefore account for a substantial component of plant diversity in terms of species richness, ecological importance and evolutionary history, but the processes underlying the evolution of reproductive diversity among them are not well understood.
In this study, we use conifer species in the fir (Abies) and spruce (Picea) lineages of the pine family (Pinaceae) to investigate the evolutionary mechanisms leading to reproductive diversity among wind-pollinated plants. Abies and Picea are thought to have slightly different specific pollination mechanisms, as Abies may use rainwater to move pollen into its ovules following pollination while Picea ovules exude an aqueous pollination drop to facilitate this movement Chandler and Owens, 2004) , but all species in both genera are strictly anemophilous. At pollination, the ovulate structures of Abies and Picea are similar in overall form but differ dramatically in the relative size and development of their constituent parts, and thus in which specific structures the plant uses to actually facilitate pollination. We integrate detailed studies of anatomy with controlled pollination experiments in order to ask why such morphological differences might arise in plants whose reproductive structures perform the same basic function. We find that the cones of these species work equally well in capturing airborne pollen, but that differences in their rate of development generate their distinctive morphologies. A comparative analysis further suggests that rate variation explains morphological patterns across the broader Pinaceae clade, demonstrating how simple differences in development may underlie the diversity of reproductive structures in wind-pollinated plants.
MATERIALS AND METHODS

Sampling
We collected seed cones of Abies koreana and Picea jezoensis from trees growing in the Arnold Arboretum of Harvard University in Boston, MA, USA (accession numbers 557-86-C and 47-95-B, respectively). We sampled cones from the autumn of 2015 (beginning in September) to the summer of 2016 (ending in July) and then again in the spring of 2017, focusing on several major developmental stages, including bud development (before and during winter), bud break, pollination and cone closure following pollination. The pollination period was defined as the interval during which ovules were actively receiving pollen, which spanned late April and early May. Sampling intensity varied by developmental stage; we collected only a few times over the winter but sampled more intensively (every 2-3 d) during the period from bud break to the end of pollination. For each sample we collected five specimens from branches at different points on the tree to ensure representative sampling.
Histological preparation and morphometric analyses
We used standard histology techniques to assess the anatomy and development of sampled cones (see Supplementary Data for details). We sectioned specimens embedded in resin blocks at 4 μm with a rotary microtome equipped with a steel knife (Microm HM360; Thermo Fisher Scientific, Waltham, MA, USA). We stained slide-mounted whole cone sections with calcofluor white for cellulose (Hughes and McCully, 1975) and with periodic acid-Schiff (PAS) reagent for insoluble polysaccharides (Feder and O'Brien, 1968) . We examined and photographed fresh material using a Zeiss Discovery AxioVision stereomicroscope and stained sections with a Zeiss Axio Imager Z2 stage microscope, both equipped with Zeiss High Resolution Axiocam digital cameras (Carl Zeiss, Oberkochen, Germany). We also imaged calcofluor-stained sections using a Zeiss LSM700 confocal microscope equipped with an Axiocam HRc camera (Zeiss, Oberkochen, Germany) , with excitation at 405 nm and emission detection at 465 nm wavelengths. Images of live specimens were taken with a Canon 60D DSLR camera equipped with a Tamron 90-mm macro lens.
We quantified cell size from different developmental stages using calcofluor-stained sections (which show only cell walls), using ImageJ to measure the area of cell lumens. Given the absolute differences in mature cell sizes between the two taxa, we normalized cell areas from the different cone tissues and structures (e.g. cortex or bract scales) to the maximum cell area of that tissue. We compared normalized cell size values at each developmental stage with a one-way ANOVA, and calculated least significant differences (LSDs) between sequential developmental stages. All morphometric statistical analyses in this study were performed with the SPSS 17.0 software (SPSS, Chicago, IL, USA).
Functional morphology
We tested whether cone morphology influences pollination function through natural and artificial pollination experiments using Abies and Picea cones. For natural pollination, we sampled cones every other day during the pollination period, dissected them, and recorded the position of pollen grains on a normalized grid system imposed over the cone scales (see following paragraph). For artificial pollination experiments, we first collected cones that had opened but had not yet received pollen and then artificially pollinated them in a wind tunnel (housed in the Brown Design Space at Brown University) in batches of four at low and medium wind speeds (2.5 and 5.0 m s −1 , respectively). For each batch of cones, ~250 mg of conspecific pollen was introduced into the wind tunnel 0.5 m upstream of the cones. Because A. koreana and P. jezoensis pollen grains are similar in size (81.2 ± 3.6 [s.e.] and 73.0 ± 1.4 µm, respectively), roughly similar amounts of pollen were used in each experiment (Supplementary Data Videos S1 and S2).
To compare the distribution of pollen grains in the taxa, we carefully dissected and removed individual cone scales, which were then photographed on their adaxial and abaxial surfaces. We discarded cone scales where dissection had disturbed the distribution of pollen grains. To quantify the position of pollen grains on the scales, we adjusted and fitted each image to a grid composed of 250 × 250 µm squares, which were used as coordinates to quantify position and number of pollen grains (Supplementary Data Fig. S2 ). The number of pollen grains in each grid cell was recorded and this distribution was statistically analysed using a non-parametric multivariate ANOVA-type test in the R package npmv (Orme, 2013; Ellis et al., 2017) , where the grid coordinates of each counted pollen grain were used as the raw multivariate data. We also compared the number of pollen grains directly captured by the ovules by counting the number of pollen grains found adhering to the integuments surrounding the micropyle of each imaged ovule. We then divided this number by the average projected integumentary area for Abies and Picea in order to calculate a normalized value for pollen grains per given ovule (Supplementary Data).
RESULTS
Cone development
The seed cones of conifers are compact branching systems composed of reiterated units that typically consist of two separate structures: a bract, or modified leaf, that subtends an ovuliferous scale, which is a modified seed-bearing shoot (Florin, 1951; Taylor et al., 2009) . The terminology associated with this basic structure can be complex, but for simplicity we here use the term 'cone scale' when referring to this entire complex and the terms 'bract scale' and 'ovuliferous scale' when referring to its component parts. Abies koreana and P. jezoensis both share this basic cone arrangement, which begins to develop in late summer when cones are still in bud. From then until next spring (approximately early April), young seed cones consist of closely packed cone scales (Fig. 1A, B) . Between mid and late April (15 April for Abies; 22 April for Picea), seed cones of both species break bud and elongate; this increases the distance between adjacent cone scales and creates openings through which windborne pollen can reach ovules positioned in the interior of the cone ( Fig. 1C, D ; see also Niklas, 1982; Tomlinson and Takaso, 2002) . The cone scales of these two species differ in structure during pollination, however; bract scales are larger than ovuliferous scales in Abies while the opposite is the case in Picea (Fig. 1C, D) . Following pollination, rapid growth of the ovuliferous scales in both taxa closes gaps in the cone and seals it off (Fig. 1E, F) .
Anatomical sections reveal the developmental patterns underlying these morphological changes. Longitudinal sections of the youngest Abies buds (summer to autumn) show three different tissues: a central pith of small closely stacked cells, a cortex, and numerous cone-scale primordia (at this stage consisting only of a bract scale; Fig. 2A ). Ovuliferous scale primordia became visible just prior to bud break (Fig. 2B) . Large amounts of starch were also deposited in cone tissues around this time, signalling the beginning of pronounced cell proliferation and expansion (Fig. 3A) . During bud break, pith cells elongated and lengthened the cones while initial cell proliferation in the cone scales and cortex widened them ( Fig. 2C, 3B; Supplementary Data Fig.  S1 ). Just prior to pollination, cells of the bract scale proliferated and elongated, dramatically increasing bract size compared with underdeveloped ovuliferous scales (Fig. 2D) . The funnel-shaped integument of Abies ovules, where pollen is first captured, developed as the cones opened but Abies ovuliferous scales grew only slightly during cone opening and the pollination period ( Figs 2D and 3E ). Extensive cell proliferation and elongation in the ovuliferous scales did not occur until the end of the pollination period (Fig. 2E) . Growth throughout the ovuliferous scale then caused them to swell uniformly, resulting in the closure of gaps between adjacent cone scales.
Anatomical development in young Picea cones was similar to that of Abies (Fig. 2F ), but was accelerated in the cone scales. Picea ovuliferous scale primordia were present by winter, long before those of Abies. Starch also accumulated in the pith and bracts of Picea prior to winter (Fig. 3C) ; it was used up and depleted by the time it was just beginning to accumulate in Abies. In contrast to Abies, Picea bract-scale cells stopped growing and sclerified prior to pollination. The distinctive integumentary arms of Picea, which capture windborne pollen, developed around the time of cone opening, and pollination itself (Fig. 2I ) occurred after initial cell proliferation and elongation in the ovuliferous scales ( Figs 2G, H and  3D ). Following pollination, cells in the basal and abaxial parts of the ovuliferous scales proliferated and elongated, which swelled their bases and repositioned them from a horizontal to a more highly angled orientation relative to the cone axis (Figs 2I, J and 3F) . This combination of volume increase through cell proliferation and repositioning through imbrication sealed the cone.
Cell area measurements further support the patterns discussed above (Fig. 4) . Cell proliferation in both Abies and Picea occurred early in the development of the pith, cortex and bract scales, but expansion occurred closer to pollination ( Fig. 4A, B ; their subsequent size decrease was due to wall thickening and consequently smaller lumens). Bract-scale cells in both Abies and Picea matured and increased in relative area before those of the ovuliferous scales (Fig. 4C, D) , but this process occurred later Abies than in Picea (Fig. 4C, D) .
Cone function
Despite morphological and structural differences in the cone scales of Abies and Picea, the overall ability of their cones to facilitate pollination was not obviously different. Pollen grains in both Abies and Picea were similarly concentrated on the integument and around the micropyle in both natural and artificial pollination experiments ( Fig. 5 ; Supplementary Data Videos S1 and S2). Statistical tests did suggest that the distribution of pollen grains across the cone scales was different in Abies and Picea (Supplementary Data Table S1 ), but this was primarily due to differences in integumentary morphology. The broad funnel-shaped integument of Abies caused a slight shift in the location of peak pollen accumulation relative to Picea, which has a smaller, narrower integument and thus a more localized area of peak pollen accumulation (Fig. 5) . Different wind regimes also changed the distribution of pollen grains across the surface of the cone scales ( Fig. 5 ; note the greater abundance of pollen grains on the ovuliferous scales of artificially pollinated specimens, particularly at lower wind speeds), but in all cases the greatest concentration of pollen was found around the micropyle.
Although Abies ovules did collect a larger absolute number of pollen grains than Picea ovules, the number of pollen grains per ovule was not significantly different after controlling for differences in integument (means of 9.83 and 12.40 grains µm −2 , respectively, among pooled experimentally pollinated ovules; not significant using a Tukey test for ANOVA among treatments; Supplementary Data Table S2 ). Our results then suggest that the different cone and cone scale morphologies of Abies and Picea are similarly effective in funnelling windborne pollen inside the cone and into the ovules, regardless of any later mechanisms that may operate to move pollen into the ovules, such as pollination drops or rainwater.
DISCUSSION
Abies and Picea (as well as other Pinaceae: Smith, 1964, 1965; Powell, 1970; Owens and Molder, 1974; Tompsett, 1978) share a similar overall sequence of cone development that ultimately shifts cell proliferation and maturation in a centrifugal direction, away from the cone axis and towards the ovuliferous scales. Just prior to pollination in both taxa, the elongation of axial pith cells and the proliferation of cortex cells both lengthens and widens the cones; this has the effect of pulling and pushing the scales apart and thus creating open spaces through which windborne pollen can flow. In parallel to the cone axis, cone scales exhibit their own developmental trajectory where cell proliferation and maturation begin in the bract scales but then shift to the ovuliferous scales. Following pollination, cone growth becomes concentrated almost entirely in the ovuliferous scales; their continued development seals off the spaces initially created by axis elongation and isolates pollinated ovules from the outside world. Given that pollination in Abies and Picea occurs at the exact same time, the relative dominance of ovuliferous scales in Picea must reflect an accelerated rate of development (Fig. 6 ). Such differences are especially likely to translate into morphological disparity in Pinaceae because pollination occurs early in cone ontogeny (Owens et al., 1981; Takaso and Owens, 1995; Owens and Morris, 1998; Dörken and Nimsch, 2014) , precisely when they are undergoing a major shift from bract-scale-dominated to ovuliferous-scale-dominated growth (Fig. 6) . The specific morphologies expressed by various lineages will then be sensitive to cone scale development rate, and Pinaceae do indeed show wide variability in the relative size and development of bract scales and ovuliferous scales (Fig. 7) . Although pollination early in ontogeny most likely reflects selective pressures that are unrelated to specific cone morphologies, such as minimizing up-front tissue investment and pollinating early in the growing season in order to minimize interference from mature leaves (Whitehead, 1969; Niklas, 1985 Niklas, , 1992 , they may ultimately be responsible for linking morphological diversity to variation in developmental patterns.
Despite significant developmental and structural differences between Abies and Picea cone scales, the cones themselves present similar forms to ambient wind patterns and we find no obvious differences in the efficiency with which they collect pollen. These results are also consistent with previous studies showing that Pinaceae cones from a wide range of taxa can effectively gather pollen (Niklas and Paw U, 1982; Niklas, 1982 Niklas, , 1984 . Although it is difficult to conclusively prove that cone morphologies across lineages are exactly equivalent in function, we see no evidence that the diversity of Pinaceae pollination-stage morphologies is due to selection for differences in performance. Mapping cone traits on a time-calibrated molecular phylogeny ( Fig. 7 ; phylogeny from Leslie et al., 2012) also indicates that the current suite of Pinaceae pollination-stage morphologies arose during the Cretaceous radiation of the group (Gernandt et al., 2016; Smith et al., 2017) but have since remained static, complicating any straightforward In Abies, the reduced ovuliferous scale can be seen only in the adaxial (top) surface view (A, C, E), along with the funnel-shaped integuments that protrude outwards from the scale. Ovule micropyles face downwards, however, and are visible in the abaxial (bottom) view (B, D, F). Pollen grains were found both around the integument and inside the micropyle. In Picea, micropylar arms are more clearly exposed in the adaxial view (G, I, K). The reduced bract scale can be seen only in the abaxial view (H, J, L). In all cases, note the high concentration of pollen grains on the integuments surrounding the micropyles. Scale bars = 500 µm.
correlation between pollination-stage cone morphology and present-day climate or ecology.
In the absence of clear functional differences among cones, neutral variation in cone scale development appears to be the primary reason for diverse pollination-stage morphologies exhibited by Pinaceae. Such differences in developmental rate, or heterochrony in a broad sense (Gould, 1977; McKinney and McNamara, 1991; Klingenberg, 1998; Beldade et al., 2002; Webster and Zelditch, 2005) , have been widely explored as a mechanism underlying the evolution of morphological diversity in animals and in plants (Jernvall, 2000; Li and Johnston, 2000; Herrel and Gibb, 2005; Kavanagh et al., 2007; Cartolano et al., 2015) and are especially likely to influence relationships among form, function and morphological diversity in plant reproductive structures because of the nature of their biology. All seed plant reproductive structures, from angiosperm flowers to conifer cones, undergo significant functional changes over their lifetimes; they initially facilitate pollination but then shift to protecting and ultimately dispersing seeds. These vastly disparate functional roles demand different morphologies to perform them, and therefore require an extended period of development to accommodate these changes (Sattler, 1990 (Sattler, , 1992 . Reproductive structures as a whole could then be thought of as having a 'four-dimensional' morphology, where the performance of multiple functions is nested within a larger context of ontogenetic shape change. Differences in development may alter this trajectory and therefore change the specific structures that plants use to meet their functional demands, as in our studied species of Abies and Picea. Such developmental variation is likely to be especially important in the evolution of wind-pollinated reproductive structures because their functional constraints appear to be relatively lax, at least in the sense that a wide diversity of specific forms are capable of effectively facilitating pollination. Without strong selective pressures constraining evolution, simple variation in either the rate or specific patterns of development can readily generate morphological diversity over evolutionary time. Such a process need not be limited to wind-pollinated plants, however; many animal-pollinated lineages are also generalists and their morphologies function well across a range of pollinators (Rech et al., 2016; Wozniak and Sicard, 2017) . Variation in their rate of development, either in the flower as a whole or in specific floral organs, may then also translate into a wide diversity of viable morphologies (Diggle, 2014) . In a broader sense, the potential role of developmental variation in structuring both the evolution of reproductive disparity and specific patterns of trait variation needs further investigation, and this work illustrates how even relatively straightforward form and function relationships in plants can be strongly influenced by the developmental context in which they occur.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic.oup. com/aob and consist of the following. Video S1: high-speed time lapse showing the artificial pollination of Abies koreana seed cones. Video S2: high-speed time lapse showing the artificial pollination of Picea jezoensis seed cones. Fig. S1 : relationship between total seed cone length and cell area of the pith in Abies koreana and Picea jezoensis. Fig. S2 : representative image of P. jezoensis for pollen grain distribution analysis. Table S1 : differences in the distributions of pollen grains on the bract scale/ovuliferous scale complexes of Abies and Picea. Table S2 : pollen grains in or on the micropyles of Abies koreana and Picea jezoensis.
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